We study the next-to-next-to-leading logarithmic order resummation matched to the nextto-leading order result for the large p T Higgs boson production at the LHC in the framework of soft-collinear effective theory. We find that the resummation effects reduce the scale uncertainty significantly and decrease the QCD NLO results by about 11% in the large p T region at the LHC. The finite top quark mass effects are also discussed.
I. INTRODUCTION
In the standard model (SM), the Higgs boson is predicted by the Higgs mechanism in which the would-be Goldstones become the longitudinal components of the W and Z boson. Although the existence of Higgs boson has been proposed for a long time, searching for this particle in the experiments has failed until the recent discovery at the LHC [1, 2] . In general, the Higgs boson may not be responsible for the mass origin of the fermions, and the current experimental data still allow the couplings of the Higgs boson with the fermions to deviate from the SM ones, especially, the coupling of the Higgs boson with the top quark [3] . Therefore, precise measurements of the couplings of the Higgs boson with other SM particles will test the Higgs mechanism in the SM [4] [5] [6] [7] .
The global fit method with current experiment data about the Higgs boson production and decay in various channels only provide indirect information on the top quark Yukawa coupling, which suffers from ambiguities from unknown new particles propagating in the loops. The most direct process to determine the coupling of the Higgs boson to the top quark is the tt associated production pp → ttH and single top associated production pp → tjH. However, the current abilities to measure the coupling of Higgs boson to the top quark through tt associated production are still weak [3, 8] because of its small production cross section and complicated final states with copious decay products. The single top associated production has even smaller cross section because of the electro-weak interactions there, and is very challenging to measure.
Recently, a complementary method to determine the coupling of Higgs boson to the top quark has been proposed in Refs. [5] [6] [7] by investigating the large p T behavior of Higgs boson in the process pp → H + X with H → ZZ * → l + l − l + l − . This method is feasible because the top quark mass can not be taken to be infinity when the Higgs boson has a large p T . The top quark Yukawa coupling can be detected from the measurement of the variable [5] 
where N ± is the number of events in which the Higgs boson p T is larger or smaller than a critical value P T , for example, P T =300 GeV. σ in the HqT program is only valid in the small p T region, which is much less than 100 GeV. The resummation prediction on the Higgs boson p T distribution in the large p T region, larger than 100
GeV, is investigated using the traditional method at next-to-leading-logarithm (NLL) [10] . The resumed logarithms are different in the small and large p T regions. When the Higgs boson p T is small, the threshold region is defined as z = M 2 H /s → 1, where √ s is the center-of-mass energy of the colliding partons. In the threshold region, only the soft gluon radiation is allowed, which leads to large logarithms α n s ln 2n−m (1 − z). In contrast, in the large p T regions, the large logarithms are α n s ln 2n−m (1 − y) with y = (p T + m T ) 2 /s, where m T = p 2 T + M 2 H [10] . It is easy to observe that y → 1 does not necessarily lead to z → 1, which means that the HqT program can not resum the large logarithms in the large p T regions.
Notice that when the recoiling hardest jet against the Higgs boson is observed and additional jets are vetoed, there is a new kind of large Sudakov logarithms α n s ln 2n−m p T /p veto T , which can be resummed [11] [12] [13] . If the mass of the jet is also measured, denoted as m J , additional logarithms ln n m 2 J /p 2 J have been resummed up to next-to-next-to-leading-logarithm (NNLL) [14] . In this paper, we provide the resummed prediction for pp → H + X at large p T regions up to NNLL, without explicit observation of a jet, in contract with the case in [14] . We will work in the soft-collinear effective theory (SCET) [15] [16] [17] [18] [19] . In the threshold limits of large p T Higgs boson production, the final state radiations and beam remnants are highly suppressed which leads to final states consisting of a Higgs boson and an inclusive jet, as well as the remaining soft radiations, and therefore to the appearance of the large logarithms in the cross section. Then the resummation effects should be taken into account to obtain more precise predictions. The preliminarily theoretical NNLO analyses have been perfromed in Ref. [20] . The resummation formalism in SCET is different from that used in Ref. [10] . In the threshold region, the partonic cross section can be factorized to a hard function times a convolution between jet and soft functions.
Each part has a explicit theoretical field definition which can be calculated perturbatively. In particular, each function contains only a single energy scale so that there is no potential large logarithms in each of them. The relative scale hierarchy between different functions is alleviated by running from one to the other via renormalization group equations. As a consequence, the large logarithms of the ratio of the different scales can be resummed to all orders.
In principle, the top quark mass should be kept to be finite in all the theoretical predictions in the large p T regions [5, 7, 21, 22] . But because of the difficulty in calculating massive loops, this is achieved only for the LO result [23, 24] and the NLO total cross section expanded in M H /m t [25] .
The differential cross section is calculated only in the large top quark limit up to NLO [21, 21, [26] [27] [28] . More recently, a big progress is made by computing the NNLO total cross section of the sub-process gg → H + j [29] . Therefore, an approximated differential cross section with finite top quark mass beyond the LO is usually used, which is obtained by multiplying the LO differential cross section with finite top quark mass with a differential K factor, as done in Ref. [30] . We will take into account the finite top quark mass effects in the resummation predictions following this method.
The precision prediction on the Higgs boson production at large p T regions can not only test the top quark Yukawa coupling discussed above, but also be a probe of the new physics. For example, in the SM the large transverse momentum spectrum of the Higgs boson produced in gluon fusion can be quite different from one of the Minimal Supersymmetric Standard Model [31, 32] . Light particles beyond the SM can be probed via the ratio of the partially integrated Higgs transverse momentum distribution to the inclusive rate [33] . This paper is organized as follows. In Sec. II, we analysis the kinematics of the Higgs boson and one jet associated production and give the definition of the threshold region. In Sec. III, we present the factorization and resummation formalism in momentum space using SCET. In Sec. IV, we present the hard function, jet function and soft functions at NLO. Then, we study the scale independence of the final result analytically. In Sec. V, we discuss the numerical results for this process at the LHC. We conclude in Sec. VI.
II. ANALYSIS OF KINEMATICS
First of all, we introduce the relevant kinematical variables needed in our analysis. The dominant partonic processes for the Higgs boson and one jet production are gg → gH, gq → gH and gq →qH.
The LO Feynman diagrams for the gg → gH process are shown in Fig. 1 . It is convenient to define two lightlike vectors along the beam directions, n a and n b , which are related by n a =n b . Then, we introduce initial collinear fields along n a and n b to describe the collinear particles in the beam directions. In the center-of-mass (CM) frame of the hadronic collision, the momenta of the incoming hadrons are given by
Here E CM is the CM energy of the collider and we have neglected the masses of the hadrons.
The momenta of the incoming partons, with a light-cone momentum fraction of the hadronic momentum, arep
At the hadronic and partonic level, the momentum conservation gives
andp
respectively, where q is the momentum of the Higgs boson. We define the partonic jet with jet momentum p X to be the set of all final state partons except the Higgs boson in the partonic processes, while the hadronic jet with jet momentum P X contains all the hadrons as well as the beam remnants in the final state except the Higgs boson.
We also define the Mandelstam variables as
for hadrons, andŝ
for partons, respectively. In terms of the Mandelstam variables, the hadronic and partonic threshold variables are defined as
where M H is the mass of Higgs boson. The hadronic threshold limit is defined as S 4 → 0 [34] . In this limit, the final state radiations and beam remnants are highly suppressed, which leads to final states consisting of a Higgs boson and an energetic jet, as well as the remaining soft radiations.
Taking this limit requires x a → 1, x b → 1, s 4 → 0 simultaneously, and we get
wherex a,b = 1 − x a,b . This expression can help to check the factorization scale invariance, which is shown in detail below. Near the partonic threshold, the boson must be recoiling against a jet and there is only phase space for the jet to be nearly massless. In this case, p X = p 1 + k, where p 1 is the momentum of the final state collinear partons forming the jet and k is the momentum of the soft radiations.
We note that in both hadronic and partonic threshold limit, the Higgs boson is not forced to be produced at rest, i.e. it can have a large momentum. Actually, as the momentum of the Higgs boson becomes larger and larger, the final-state phase space lies more close to the threshold limit.
We point that the definition of the partonic threshold limit s 4 /ŝ → 0 is different from the case of y → 1 [10] , as discussed in the introduction. They are equivalent to each other only if the momentum component p z of the Higgs boson in the partonic CM frame vanishes.
For convenience, we can also write the threshold variable as
where k + = n 1 · k, k is the momentum of soft radiations, E 1 is the energy of the jet and n 1 is the lightlike vector associated with the jet direction. In the threshold limit (s 4 → 0), incomplete cancelation of the divergences between real and virtual corrections leads to singular distributions
It is the purpose of threshold resummation to sum up these contributions to all orders in α s .
The total cross section is given by
where we have changed the integration variables into the Higgs boson transverse momentum squared p 2 T , rapidity y, x b and s 4 . The regions of the integration variables are given by
The other kinematical variables can be expressed in terms of these four integration variables.
III. FACTORIZATION AND RESUMMATION FORMALISM IN SCET
In the limit of infinite top quark mass, the effective lagrangian of Higgs boson production via gluon fusion can be written as [26] 
with
where C t is the Wilson coefficient at α s order. The leading power effective operator of gg → gH in SCET as follows
where A α,i a⊥ is the effective gluon field in the frame of SCET. The corresponding hadronic operator can be written as
The generic expression of the cross section is
Substituting Eqs. (17)− (18) into Eq. (19) and performing Fourier transformation, we get
After redefining the field to decouple the soft interactions, the operator factorizes into a collinear and a soft part
where the collinear part O αβγC abc has the same form as O αβγ abc in Eq. (17) with the collinear fields replaced by those not interacting with soft gluons, and the soft part
Wilson lines defined as
where P indicates path ordering. From here, we omit the color index for simplicity, and we rewrite the squared amplitude in Eq. (20) as
Substituting the definition of the gluon jet function, soft function, parton distribution functions (PDFs) and hard function into Eq. (23),
we obtain (up to power corrections) [35, 36] 
where λ 0,ij is the squared amplitude at LO after averaging the spins and colors.
The other channels follow the same approach to obtain the factorization formulae. By crossing symmetry, the LO cross sections in other channels are obtained by
IV. THE HARD, JET AND SOFT FUNCTIONS AT NLO
The hard, jet and soft functions describe interactions at different scale, which can be calculated order by order in QCD, respectively. At the NNLL accuracy, we need the explicit expressions of the hard, jet and soft functions up to NLO. In this section, we summarize the relevant analytic results of them.
A. Hard functions
The hard functions are absolute value squared of the Wilson coefficients of the operators, which can be obtained by matching the full theory onto SCET. It is obtained by subtracting the IR divergences in the M S scheme from the UV renormalized amplitudes of the full theory. At the LO, the hard function H is normalized to 1. In general, it is related to the amplitudes of the full theory, using
where |M ren are obtained by subtracting the IR divergences in the MS scheme from the UV renormalized amplitudes of the full theory [37] . At NLO, in practice, it is necessary to calculate the one-loop on-shell Feynman diagrams of this process, as shown in Fig. 2 . Using the one-loop results in Refs. [21, 26] , we get the hard functions at NLO as follows
Our results of hard functions are consistent with the results in Ref [14] . The hard functions at the other scales can be obtained by evolution of renormalization group (RG) equations. The RG equations for hard functions are governed by the anomalous-dimension matrix, which has been calculated in Refs. [38] [39] [40] [41] [42] [43] . In our case, the RG equations for hard functions are given by
where γ cusp is the cusp anomalous dimension [44] , while γ V gg and γ V gq control the single-logarithmic evolution. Their explicit expressions are shown in Ref. [42] . Solving the RG equations, the hard function at an arbitrary scale µ are given by:
where S(µ h,up , µ) and a V gi are defined as [45] S(µ h , µ) = − αs(µ)
B. Jet function
The jet function of gluon
These collinear gluon operators have non-vanishing matrix elements only for intermediate collinear states. Thus, this jet function can be considered as the result of integrating out the collinear modes at the scale µ j . Equivalently, we can extract the jet function from the imaginary part of the time-ordered product of collinear fields
The jet function of quark J q (p 2 ) is defined as [46] θ(p
The RG evolution of the jet function is given by
with i = g, q. To solve this integro-differential evolution equation, we use the Laplace transformed jet function [45] 
which satisfies the the RG equation
The Laplace transformed jet function j i (L, µ) at NNLO [47, 48] is
Following the approach shown in Refs, the RG-improved jet function at an arbitrary scale µ can be obtained
where
C. Soft function
The soft function S(k, µ), which describes soft interactions between all colored particles, can be calculated in SCET or in the full theory in the Eikonal approximation. Actually, we only need to calculate the emission diagrams, using dimensional regularization. The soft function S(k, µ), similar to the jet function, satisfies the RG equation [19, 49] 
According to the method shown in Refs. [19, 49] , the RG-improved soft function can be given as
where η s = 2a Γ (µ s , µ), C gg = 3/2, C gq = 3/2, and the Laplace transformed soft function s(L, µ) at NNLO is given by [50] s(L, µ) 
The star distribution is defined as
where f (p 2 ) is a smooth test function, and the f (0) subtraction term is needed only if η < 0. The scale independence happens for the jet function only in the sense of the integration over p 2 . For the dependence of the soft scale, it is the same as the jet function, and we do not discuss it here.
Now we begin to discuss the dependence of the the final results. Using the hadronic threshold definition in Eq. (10) and the cross section near the threshold in Eq. (28), we have dσ dS 4 dy ∝ dx a dx b dp
where we have changed the integration variables dtdû to dS 4 dy. From this equation, we can see clearly the connection between the threshold region of the whole system, represented by S 4 , and those of the parts of the system, represented by (1−x a ), (1−x b ), p 2 1 , k + respectively. For simplifying the convolution form, using the Laplace transformation, the above equation can be written as
The Laplace transformed PDFs near the end point is given bỹ
which satisfies RG equation
The variable τ in the Laplace transformed PDF is given by
Using the relations between the anomalous dimensions presented in Ref. [42] , we have
and
which show the scale independence of the cross section.
E. Final RG-improved differential cross section
Combining the RG-improved hard, soft and jet functions, and using the identities [51] 
we get the resummed differential cross section for the Higgs boson and a jet associated production
where ρ gg = 18, ρ gq = 34/3,
In order to compare with the fixed-order results, setting µ h = µ j = µ s = µ, we expand the above results up to O(α 2 s )
where the coefficients of A n and B n are given by
with ζ 3 = 1.20206 · · · . We find that the coefficient A 2,1,0 agree with the NLO results in Ref. [21] .
[GeV] In order to obtain the best possible precise predictions, we combine our resummed result with the non-singular terms up to NLO in fixed-order perturbative calculations, and the RG-improved differential cross section are given by
where the NLO results can be obtained by the modified Monte Carlo programs MCFM [52] or HNNLO [30, 53, 54] . Near the threshold regions, the expansion of the resummed results approaches the fixed-order one so that the terms in the bracket almost vanishes and the threshold contribution dominates. In the regions far from the threshold limit, the fixed-order contribution dominates and the resummation effects are not important. order calculations. In Fig. 3 , we compare the contribution of the singular terms by expanding the resummation formalism with the LO and NLO results at the 8 TeV LHC. First, we find that the high order corrections for both the gg and gq channel Higgs boson production 1 are very large, which means that higher QCD corrections are important and needed to be included to give a reliable perturbative prediction. Second, we see that the NLO cross section is well approximated by the singular terms when the p T of the Higgs boson is larger than 100 (200) GeV for the gg (gq) channel. Since one can not distinguish the quark jet (in gq channel) from the gluon jet (in gg channel), the two channels should be combined in order to compare with the experimental measurement. And because the gg channel dominates in the total and differential cross sections, we will present the resummed prediction for the Higgs boson production in the range p T > 100
GeV. These observations are also true after considering the scale uncertainties by varying the scale from M H /2 to 2M H , as shown in Fig. 4 . Moreover, we also shown the contribution from the expanded NNLO result given in Eq. 76, and find there is still a significant improvement in the cross section compared to the NLO result. This behavior of the cross section for Higgs boson and a jet production derived from the resummation formalism is in agreement with the explicit NNLO calculation given in Ref. [29] . 
A. Scale choice and matching
In the above discussions, the cross section has been factorized into the hard function, jet function and soft function, and each function only depends on a single scale. So the hard scale, jet scale and soft scale can be chosen, respectively, at their intrinsic scales. Then using the RG, all scales evolve to the same factorization scale. In Fig. 5 , we show the contribution to the NLO correction from only the hard function, normalized by the LO result, as a function of the hard scale. The hard function takes maximum values when the hard scale is around p 2 T + M 2 H for p T = 100 ∼ 250 GeV. And the contributions from the hard function are very large, generally larger than 0.5 for p T = 100 ∼ 250 GeV. This means that the hard function is very important, and needs to be calculated with higher precision. Resummation is a way to achieve this target. On the other hand, we also notice that the terms which can be resummed are only a limited part of the hard function.
There is also significant contribution from those terms which are scale independent. Here, we choose 2.5 p 2 T + M 2 H as the default hard scale. The scale uncertainty of final resummed result from variation of the hard scale is about 12%, as shown in Fig. 8 .
In Fig. 6 , we show the contribution to the NLO correction from only the jet function, normalized by the LO result, as a function of the jet scale. The jet function drops very quickly when the jet scale is smaller than 50 GeV, and changes very slowly when the jet scale is larger than 50 GeV. We can also see that the contribution from the jet function is about 10% if p T is larger than 100 GeV. Finally, to examine the factorization scale uncertainty in the final resummed result, we vary the factorization scale from M H /2 to 2M H and show the resummed result in Fig. 11 . For comparation,
we present scale uncertainties of the NLO result obtained by varying µ = µ R = µ f = M H by a factor of 2, as done in Ref. [29] . After matching the resummed result with the NLO one, as shown in Eq. 86, the result is shown in Fig. 12 . We see that both the resummed and matched results have smaller scale uncertainties than the NLO result.
The case of gq channel is similar to the gg channel, and the scale uncertainty after resummation reduces more significantly compared with the gg channel; see Figs. 13,14. For thechannel, the contribution is very small. So we do not shown its result individually.
[GeV] the default scales, almost independent of p T . However, the ratio of the resummation result to the LO cross section is sensitive to p T , changing from 1.8 to 1.0 as p T varies from 100 to 290 GeV. Up to now, the discussion is under the assumption of infinite top quark mass limit. However, in the case of large p T Higgs boson production, the Higgs low energy theorem [56, 57] apply, and the top quark mass effects may make a sense. Considering the finite top quark mass will bring more complicated calculations, but also open a new way to probe the coupling of Higgs to top quarks. When including the finite top quark mass, there exists only LO results [23, 24] and the corresponding parton shower effects [32, 58] . Unfortunately, there is no complete QCD NLO calculations of Higgs plus jet including exact top mass effects. Only the subleading terms in 1/m t have been calculated at QCD NLO [22, 30] . It is found that the infinite top quark mass limit is a very good approximation as long as p T < 200 GeV [21, 22] . Other discussions can been seen in Refs. [22, 59, 60] . We investigate the possible top quark mass effects by using the program HNNLO, presenting the results in Figs. 16 . For Higgs's p T less than 200 GeV, the finite top quark mass effects are not obvious (the difference between the results with and without finite top quark mass is less than 4%). For the p T larger than 200 GeV, the top quark mass begins to make sense and it is necessary to consider the finite top quark mass effects. We define the differential K-factor 
where ∞ refers to the infinite top quark mass limit. Since the differential K-factor depends weakly on the top quark mass [25, 61, 62] , we can obtain a reliable approximation of higher-order cross section by multiplying the K-factor to the exact top mass dependent LO one following the methods in Refs. [30, 63] , which is given by dσ dp T = dσ LO mt dp T K(p T ).
Here, σ LO mt means the exact LO cross section with finite top quark mass. The obtained p T distribution of Higgs boson at NNLL+NLO with finite top quark mass is shown in Fig. 16 as the black curve at the central value of the scales. In Fig. 16 , we compare the resummation results with NLO ones in both cases of infinite and finite top quark mass. These results can be used to improve the accuracy in probing the Higgs couplings to top quarks in the recent works [5] [6] [7] .
VI. CONCLUSION
We have studied the Higgs boson production at large p T at the LHC, including the resummation effects in SCET. We find that the resummation effects decrease the NLO cross sections by about 11% at the central values of the scales when the Higgs boson p T is larger than 100 GeV, and also reduce the scale uncertainty obviously. Moreover, we discuss the top mass effects numerically, and find that the top quark mass effects increase with the increasing of p T . The p T distribution of Higgs boson is important for describing the Higgs boson production at the LHC, and it is sensitive to the QCD higher order corrections. A precise measurements of the Higgs p T is expected to be given in the near future experiment and its precise prediction is very important for the experimental analyses. Thus, it is necessary to precisely investigate the large p T behavior of the Higgs boson, and any deviation of the Higgs boson's p T distribution will give hints to the possible modification of the Higgs couplings to the top quark, which will shed light on the new physics.
